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ABSTRACT
We demonstrate the redshift-evolution of the spectral profile of H i Lyman-alpha (Lyα) emission from
star-forming galaxies. In this first study we pay special attention to the contribution of blueshifted
emission. At redshift z = 2.9−6.6, we compile spectra of a sample of 229 Lyα-selected galaxies identified
with the Multi-Unit Spectroscopic Explorer at the Very Large Telescope, while at low-z (< 0.44)
we use a sample of 74 ultraviolet-selected galaxies observed with the Cosmic Origin Spectrograph
onboard the Hubble Space Telescope. At low-z, where absorption from the intergalactic medium
(IGM) is negligible, we show that the relative contribution of blueshifted emission (blue/red) increases
rapidly with increasing equivalent width (WLyα). This result does not, however, emerge at z = 3− 4,
and we use bootstrap simulations to demonstrate the blue emission to be suppressed by stochastic
IGM absorption. Our main result is that the blue-peak contribution evolves rapidly downwards with
increasing redshift: the blue/red flux ratio is ≈ 30 % at z ≈ 0, but drops to 15 % at z ≈ 3, and to
below 3 % by z ≈ 6. Applying further simulations of the IGM absorption to the unabsorbed COS
spectrum, we demonstrate that this decrease in the blue-wing contribution can be entirely attributed
to the thickening of intervening Lyα absorbing systems, with no need for additional H i opacity from
local structure, companion galaxies, or cosmic infall. We discuss our results in light of the numerical
radiative transfer simulations, the evolving total Lyα output of galaxies, and the utility of resolved
Lyα spectra in the reionization epoch.
Keywords: radiative transfer – galaxies: evolution – galaxies: high-redshift – galaxies: intergalactic
medium – galaxies: emission lines – galaxies: starburst
1. INTRODUCTION
The Lyα emission line, and its spectral profile, en-
code a wealth of information about both star-formation
and various gas phases in galaxies, including the inter-
stellar medium (ISM), the more tenuous circumgalactic
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Science Institute. STScI is operated by the Association of Uni-
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medium (CGM) and, at the highest redshifts, the inter-
galactic medium (IGM). Because of the abundance of
atomic hydrogen and the nature of the H i atom, Lyα
is intrinsically the brightest spectral feature of ionized
nebulae, but also has the largest optical depth to ab-
sorption. Lyα is therefore sufficiently luminous to be ob-
served from redshifts (z) out to above 9 (e.g. Hashimoto
et al. 2018), but is then multiply scattered by H i atoms,
and re-shaped by radiative transfer (RT) effects into
which many galaxy properties enter (see Runnholm et al.
2020 for a thorough investigation, and Dijkstra 2014 and
Hayes 2015 for reviews).
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This absorption by H i may occur in both ‘conven-
tional’ (=H i-dominated) atomic gas clouds or residual
H i ions in H ii-dominated gas. The Lyα RT, therefore,
can be a problem covering various regions and physical
scales. The emergent Lyα line profile will firstly be a re-
flection of the kinematics of the H ii regions in which
Lyα is intrinsically produced. However this velocity
profile is subsequently modulated by scattering events
within the H ii region itself, that will introduce some de-
gree of broadening depending upon the small scale gas
densities. But Lyα photons may also have to traverse
high column density, optically thick gas, that permits es-
cape only after long excursions in frequency space (wing
scatterings Adams 1972; Neufeld 1990). This gener-
ally high optical depth at line center introduces double-
peaked profiles, consisting of blueshifted and redshifted
components with little emission at line center (∆v = 0),
and a separation that depends on the column density.
Because gas is rarely static or homogeneous in the ISM,
the density distribution, clumpiness, and dynamics of
the neutral and dense ionized medium in galaxies will
all influence the line profile. As starburst galaxies typ-
ically show moderate-velocity outflowing media (see re-
views by Rupke 2018 and Veilleux et al. 2020 at low-z;
Erb 2015 at high-z) stronger redshifted Lyα peaks, with
secondary weaker blue components, are commonplace.
Because the blue component of Lyα is easily sup-
pressed by scattering in outflowing material, significant
emission bluewards of the Lyα line center (∆v < 0)
has become a key signpost of a low gas column density.
Henry et al. (2015) first obtained UV spectra of a sam-
ple of ‘Green Pea’ galaxies: not only do these galaxies
exhibit among the strongest Lyα lines known (average
Lyα escape fraction of ≈ 25% and EW of ≈ 60 A˚), but
a remarkable fraction of 9/10 also show double peaks.
Similar results have since been presented in other low-
z samples with similarly strong nebular EWs, and also
high [O iii]/[O ii] ratios (Yang et al. 2017; Jaskot et al.
2017; Izotov et al. 2018, 2020). In Lyman break galax-
ies (LBG) at z = 2 − 3, the relative contribution of
blueshifted Lyα also correlates strongly with the Lyα
EW (Erb et al. 2014), and becomes even more promi-
nent in very highly ionized galaxies (Erb et al. 2016;
Trainor et al. 2016). These associations are also borne
out by theoretical calculations and models. Verhamme
et al. (2015) used Lyα radiation transfer simulations
to show that a narrow velocity separation between two
spectrally resolved peaks could be used as a signifier of
column densities close to the limit of optical thickness
at the Lyman edge; see Osterbrock (1962) and Hum-
mer & Rybicki (1971) for the original discussions in the
low optical depth limits. The implication that galax-
ies with narrow Lyα separations of below ≈ 250 km s−1
would be LyC emitting galaxies was qualitatively borne
out by recent observations (e.g. Izotov et al. 2018, see
also Jaskot et al. 2019) and further theoretical work (e.g.
Kimm et al. 2019; Kakiichi & Gronke 2019). As optical
emission lines are hard to detect with high fidelity at
z & 6 because of redshifting to the IR, and absorption
lines being equally hard because of the faint continuum,
the Lyα spectral profile is a promising diagnostic for
LyC emission at high-z.
Because Lyα is absorbed by H i, and the ionized frac-
tion of the universe evolves with redshift, Lyα is a nat-
ural probe of the epoch of reionization (EoR; most re-
cently reviewed by Dijkstra 2014). Studies began using
first-order tests of the evolving Lyα luminosity function
(LF; e.g. Kashikawa et al. 2006; Malhotra & Rhoads
2004, 2006) but, in light of the fact that galaxies may
also assemble rapidly near the EoR, moved on to differ-
ential tests of Lyα evolution with respect to the under-
lying galaxy population. This has been cast as either
the ‘volumetric’ Lyα escape fraction (Hayes et al. 2011;
Dijkstra & Jeeson-Daniel 2013; Konno et al. 2016; Wold
et al. 2017) or as the fraction of strong LAEs among
LBGs (Stark et al. 2010; Ono et al. 2012; Curtis-Lake
et al. 2012; Schenker et al. 2012; Pentericci et al. 2014;
De Barros et al. 2017; Mason et al. 2018; Kusakabe et al.
2020).
While the evolution of the average Lyα output may
probe the neutral gas content of the universe at a certain
redshift, re-ionization was also an inherently patchy pro-
cesses because of the clustering of both cosmic gas and
ionizing sources. Thus we need to ultimately progress
beyond single averages at a given cosmic time (as in the
studies above). Given that the EoR history and topol-
ogy is a function of both structural overdensity (includ-
ing gas/infall) and galaxy formation, it naturally fol-
lows that the blunt measure of neutral fraction vs time
will vary with position (analogous to downsizing). Ul-
timately it must give way to a more nuanced approach,
accounting for spatial/environmental, as well as tempo-
ral, variation. Lyα spectroscopy most likely offers the
solution here, but in the form of a more detailed, spec-
trally resolved approach that targets the line profile.
To kick-start this science, a number of double-peaked
Lyα emission lines have recently been identified at high-
z. These include Aerith B at z = 5.8 (Bosman et al.
2019), NEPLA4 at z = 6.5 (Songaila et al. 2018) and
COLA1 at z = 6.6 (Hu et al. 2016), which all show im-
pressive Lyα double-peaks, strongly resemblant of the
z ≈ 0 compact starbursts (Henry et al. 2015; Jaskot
et al. 2017; Izotov et al. 2020). According to simpli-
fied, homogeneous prescriptions for the neutral fraction
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of the universe at these redshifts, these profiles should
not exist, and even in modern radiation hydrodynamic
simulations of the EoR, blue peaks at z & 6 are rare
(Gronke et al. 2020). Clearly the reionization progres-
sion is patchy, and Aerith B is a perfect example, be-
ing discovered inside the proximity zone of a luminous
quasar. Bagley et al. (2017) recently calculated the bub-
ble sizes necessary to explain the existence of two very
luminous Lyα-emitter at z ≈ 6.4, finding they must ex-
ist on Mpc scales. Matthee et al. (2018) performed a
similar study using the spectral profile of COLA1 in-
cluding its blue Lyα bump, and found comparable if
somewhat smaller values; their calculation was revised
upwards very recently by Mason & Gronke (2020) whose
Bayesian inference places additional new constraints on
the ionizing output and neutral fraction within the H ii
bubble, as well as the bubble radius itself.
The uncertainties and degeneracies in these ap-
proaches are significant, but will doubtless improve as
more systems are discovered and data improve. While
the universe beyond z ≈ 5 is really the point of interest,
these studies can be significantly informed by those from
low- and mid-z. Specifically with regard to the Lyα pro-
file analysis, it is never clear at high-z how much absorp-
tion can be attributed to the IGM, and how much is sim-
ply frequency redistribution in the ISM/CGM. Because
galaxy populations evolve in many ways – mass, mor-
phology, dust content, etc – we do not believe a priori
that Lyα profiles from low-z should necessarily hold in a
galaxy population that is 10 times younger/less evolved.
However, it remains well-motivated to see how the high-
z observables would look in the no-evolution case. We do
not currently have the data to probe these effects deep
into the EoR, but are able to test the null hypothesis (no
evolution of the Lyα spectrum) out to z of almost 6 with
existing large sample, which is exactly the contribution
of this manuscript.
In this paper we study the evolution of the Lyα spec-
tral line shape with redshift, and the impact of absorp-
tion from discrete H i-absorbing systems in the IGM. We
use large samples of homogeneously-selected Lyα spec-
tra that have recently become available: at high-z we
adopt the MUSE-WIDE data (Urrutia et al. 2019; see
also Herenz et al. 2017) in the CANDELS-Deep region
of the GOODS-South field. These data provide spectra
with resolving powers of R(≡ λ/∆λ) = 1800-3500 over
44 arcmin2, of 478 galaxies. For a baseline Lyα spectrum
that is not attenuated by the IGM, we leverage vari-
ous samples of low-z spectra observed with HST/COS.
These observations are pointed at pre-selected galaxies,
but have higher spectral resolving power (R ≈ 3000-
22000) and are also obtained at redshifts where the IGM
has little or no impact on the Lyα spectral profile.
We present an overview of the data, sample, and meth-
ods in Section 2, and Lyα-related measurements in Sec-
tion 3. We describe the shapes of the ensemble Lyα
profiles as a function of other key Lyα observables in
Section 4. We present our results concerning redshift
evolution in Section 5, where we mainly show that low-z
spectral profiles, and a simply simulated IGM, can en-
tirely reproduce the evolution of the Lyα spectral shape
out to z = 6. In Section 6 we discuss these results in light
of existing Lyα radiation transfer simulations and cur-
rent knowledge of the IGM opacity. Section 7 presents
some thoughts on the future application and limitations
of our approach, and we present a final summary of our
findings in Section 8. We adopt cosmological parameters
of {H0, ΩM, ΩΛ} = {70 km s−1 Mpc−1, 0.3, 0.7}.
2. DATA AND METHODS
Here we describe the data upon which we draw and the
methods used. These relate to the observational data
themselves (2.1) our treatment of the IGM (2.2), and
our estimation of systemic redshifts (zsys; 2.3). Details
of the stacking procedure can be found where they are
first applied, in Section 4.
2.1. Observational data
For this paper we draw upon a large compilation
of data, for which the origin is described in detail in
A. Runnholm et al (2020b, in preparation). Here we
present only a brief overview.
2.1.1. HST/COS
HST/COS (Green et al. 2012) is an ultraviolet spec-
trograph onboard HST and in the settings we use pro-
vides moderate-resolution spectra with R ≈ 18000 on
average. It has a 2.′′5 entrance aperture, which naturally
will sample a range of spatial scales, depending upon
the redshift of the galaxy, which varies from object to
object. Galaxies observed with HST/COS have all been
pre-selected by the HST observers and identified as the
best targets with a certain scientific objective in mind.
The COS data are drawn from the following gen-
eral observer programs (with principal investigators
in parentheses): GO 11522 (PI: Green), 11727 (Heck-
man), 12027 (Green), 12269 (Scarlata), 12583 (Hayes),
12928 (Henry), 13017 (Heckman), 13293 (Jaskot), 13744
(Thuan), 14080 (Jaskot), 14201 (Malhotra), 14635 (Izo-
tov), 15136 (Izotov). Most of the spectra have been pub-
lished in studies of galaxy winds and outflows, as well as
their relation to Lyα output and kinematic properties
(Heckman et al. 2011, 2015; Wofford et al. 2013; Rivera-
Thorsen et al. 2015, 2017; Henry et al. 2015; Jaskot &
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Oey 2014; Jaskot et al. 2017, 2019; Izotov et al. 2016,
2018; Yang et al. 2017, and more). It is beyond the scope
of this paper to summarize the results of these studies
but the selection identifies galaxies in the redshift range
between z = 0.020 and z = 0.44, with a median value of
z = 0.177. This places the Lyα emission line in either
the G130M or G160M grating of COS, and delivers a
spectral resolution between R = 13000 and 19000 de-
pending upon lifetime position and redshift. We discard
low-resolution spectra obtained with the G140L grating,
which has also been obtained in some of the programs
for a handful galaxies.
The large majority of the targets were selected by
UV emission, usually from GALEX far-UV photome-
try but also slit-less spectroscopy of Lyα in the case
of GO 12269. Most were also constrained in at least
redshift by optical line emission, which almost exclu-
sively comes from the Sloan Digital Sky Survey (SDSS).
Further constraints may have been applied in terms of
optical compactness, Hα or [O iii] equivalent widths,
[O iii]/[O ii] ratios, and more. Attending mainly to the
papers above, star formation rates (SFR) lie in the range
from 0.1 to over 50 M yr−1.
All spectra were obtained from the Mikulski Archive
for Space Telescopes (MAST), and reduced homo-
geneously with the calibration pipeline (CALCOS),
v.3.3.7. Systemic redshifts have been derived from si-
multaneously fitting up to 20 optical emission lines for
sources with SDSS spectra, and from literature values
(e.g. Cowie et al. 2011), otherwise. More details can be
found in A. Runnholm et al (2020b, in prep). We con-
tinuum subtract each of the COS spectra by fitting low-
order polynomial functions to the continuum, avoiding
strong stellar and interstellar features, and firstly mea-
sure the Lyα flux. The COS sample was mostly UV-
selected as discussed above, and the galaxies are not
guaranteed have Lyα in emission; as Lyα emission is
mandatory for this study we discard all galaxies with
signal-to-noise ratio in Lyα less than 8. This leaves a
sub-sample of 74 galaxies, for which the median Lyα
luminosity is 1.25× 1042 erg s−1.
2.1.2. VLT/MUSE
Unlike HST/COS, VLT/MUSE (Bacon et al. 2010,
2014) is a survey instrument. It is the first truly large-
format integral field spectrograph, with a field-of-view
of 60 × 60 ′′. MUSE therefore delivers an emission
line survey for Lyα-emitting galaxies between z = 2.9
and z = 6.6 with 100 % spectroscopic completeness.
However the spectral resolution is somewhat lower than
that of COS, and varies between R = 1800 at the blue
end, and 3500 at the red end.
Many Lyα surveys have already been conducted with
MUSE, but here we rely upon the MUSE-WIDE survey
(Herenz et al. 2017; Urrutia et al. 2019). The main rea-
sons is that there are many pointings (44 fields), that are
observed to a homogeneous depth (1-hour per pointing).
Moreover the 1-dimensional data are easily accessible
through the CDS/VisieR database.
MUSE-WIDE LAEs are continuum-subtracted by me-
dian filtering, and the exact techniques can be found in
Runnholm et al (2020b, in prep). The Lyα luminosity is
measured by numerical integration over a window that
is 2500 km s−1 wide, and the errors are estimated by
end-to-end Monte Carlo simulations. As with the COS
spectra, we retain only spectra for which the SNR in Lyα
exceeds 8. This leaves a sub-sample of 229 galaxies, for
which the median Lyα luminosity is 3.1× 1042 erg s−1.
We note that this Lyα selection at high-z, and UV
selection at low-z, are very different strategies for iden-
tifying galaxies. This may introduce some bias, but is
a necessary condition of contrasting low-z samples with
large datasets at high-z with current facilities. We later
perform an additional level of matching between the two
samples; see Section 4.3 for more details.
2.2. Simulating the intergalactic medium absorption
We follow the method described in Inoue et al. (2014),
which is based upon statistics of absorption line systems.
The paper presents probability distribution functions for
the column density of absorbing systems from the Lyα
forest range up to damped Lyα absorbing systems, com-
plete with their Doppler broadening distribution and
redshift evolution. We implement the algorithms pre-
sented in Inoue et al. (2014) and calculate the total op-
tical depth that ionizing radiation (LyC) experiences at
a range of redshifts, where it is subject to direct absorp-
tion by photoionization, as well as exciting Lyman series
transitions at lower redshift – we verify the performance
of the code by testing against total optical depths pub-
lished in the same paper.
The statistics of these absorbing populations and their
evolution are both completely empirical and very well
determined, and the great advantage of absorption se-
lection is that it suffers no redshift bias. The numbers
presented by Inoue et al. (2014) will represent a very
realistic average absorption in a spatially uncorrelated
universe. Note that this implies that the PDFs of the
absorbers are treated as being spatially independent,
and the approach does not account for spatial corre-
lation of matter in the universe. Sightlines identified in
observational campaigns, however, will by construction
find regions that are on average over-dense compared
to these IGM prescriptions (entirely randomized absorp-
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tion). Several authors (Santos 2004; Dijkstra et al. 2007;
Mesinger & Furlanetto 2008; Iliev et al. 2008; Laursen
et al. 2011; Gronke et al. 2020) have discussed the effect
of infall and structure local to galaxies, that will en-
hance the absorption of Lyα because of the increased
neutral column crossing ∆z = 0. Since the absorp-
tion line statistics are implemented randomly and drawn
from Monte Carlo simulations, they provide a lower limit
in comparison to absorption in the case of a structured
universe. On the other hand, such simulations also ne-
glect the local enhancement of the ionizing background
that would be produced by both the observed galaxy
and neighboring systems. These sources of ionizing ra-
diation would act in the opposite direction and suppress
the local absorption. While we acknowledge the possible
discrepancy between the average cosmic absorption and
the enhanced opacity that should occur close to galax-
ies, one of the key findings of this paper is that there is
no need for this additional absorption (see Section 5.2).
2.3. Systemic redshift determination
We adopt a modified version of the zsys estimation em-
ployed by the Lyman alpha Spectral Database (LASD1;
A. Runnholm et al. 2020b in preparation). The algo-
rithm is not optimized to give a precise redshift on a
case-by-case basis, but is designed to give a low disper-
sion for sample averages.
The algorithm requires an initial estimate for the red-
shift, for which we take the estimate from Urrutia et al.
(2019). It then uses a decision tree and works on the
heuristic that Lyα can be either single or double-peaked.
The algorithm first calls a peak identifier to determine
the number of peaks, which allows for N peaks, each of
which must exceed SNR=5 and be recovered more than
95% of times in a 100-realization Monte Carlo simula-
tion. In the case of doubly peaked Lyα the algorithm
calculates the velocity of each peak and sets zsys to the
average value. In the case of a single peak it assumes the
detected line corresponds to the redshifted main peak,
and determines its maximum value. It then uses as ‘look
ahead’ in the blueward wavelength direction until the
flux density crosses zero; it records this velocity for each
instance of the Monte Carlo simulation and assigns zsys
to the median value.
In Runnholm et al (2020b) we show this is accurate
with a dispersion of 40 km s−1 in a sample of low-z galax-
ies that have known zsys – the same COS sample we
use in this study that is presented in Section 2.1.1. In
this study we apply an additional correction based upon
1 http://lasd.lyman-alpha.com
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Figure 1. The performance of the systemic error estimation
algorithm. The discrepancy for each object in the Monte
Carlo simulation is given as ∆z, which is defined as zLASD−
zsys, where zsys is derived from optical emission lines. The
difference in velocities is given on the upper axis. The median
value is shown with the dashed black line, and interquartile
range in the orange region. Median and IQR ranges are also
given as inset text, as velocities in km s−1.
systematic offsets observed within the sample at higher
redshifts. We adopt the same COS sample as previously
described, and artificially redshift them to redshifts of
2.5 to 5.5 in steps of 0.5 redshifts. We then run a library
of random IGM realizations at each of these redshifts us-
ing the method described in Section 2.2 and attenuate
each of the redshifted spectra 50 times. We run the
z-detection algorithm on each galaxy at each redshift,
and examine the representative statistics of the output
compared to the known zsys. We show the results in
Figure 1.
The algorithm recovers zsys with a median offset of
−65 km s−1 at z = 2, which grows to −233 km s−1
by z = 6. This is a result of two phenomena: firstly
the blue peaks become systematically more suppressed
with increasing redshift, because the IGM absorption
preferentially removes weaker blue peaks. This causes
the algorithm to more frequently switch from two-peak
to one-peak mode as redshift increases. Moreover the
thicker IGM as z approaches 6 starts to influence the
red peak. Damping wings become visible in a minor-
ity of simulations, but the blue wing of the red peak
becomes systematically more removed, shifting our z es-
timate to higher positive velocities.
6 M. J. Hayes et al.
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
z
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000
0.0005
 z
slope: -0.00018
intercept: 0.0001
Figure 2. The performance of the zsys identification with
redshift. Redshift is shown on the abscissa, while ∆z is
shown on the ordinate-axis. Each point illustrates the me-
dian value from the simulated sample, and the error-bar
shows the interquartile range. Our best fit is a linear function
with the coefficients shown in the Figure.
This shift of the estimated zsys with redshift is both
expected and predictable, and we show the redshift evo-
lution of ∆z in Figure 2.
3. BASIC MEASUREMENTS AND SAMPLE
CHARACTERIZATION
The measurements we make in this paper were all
made using algorithms developed for the Lyman alpha
Spectral Database (LASD; Runnholm et al 2020b) or
from the measurements distributed and compiled by Ur-
rutia et al. (2019). Here we present a brief overview. We
also present a basic characterization in Section 3.2, and
the first investigations of the line profile shapes can be
found in in Section 4.
3.1. Measurements and quantities
The LASD measures 38 spectroscopic/kinematic prop-
erties of the Lyα spectra, most of which are fluxes/flux
densities or velocities. In this study we also use Lyα
luminosities derived from the LASD, which are com-
puted by numerical integration over a spectral region
2500 km s−1 wide around Lyα. This is done after con-
tinuum subtraction, and the continuum estimate is used
to derive the equivalent width, WLyα. We use these
LASD-reported EWs for the COS sample. As Lyα is a
resonance line it can be absorbed from the stellar con-
tinuum as well as produced in emission by nebulae/H ii
regions; in this study we define the Lyα flux as the total
integral over the velocity range with no correction for
blueshifted absorption. This is in part motivated by the
fact that ostensibly pure emission lines can still be at-
tenuated to an unknown degree, and in part because the
high-z galaxies are too faint to detect the continuum and
the comparable correction could not be applied. More
discussion on this is presented in Section 4.1.
As the MUSE-WIDE data are too shallow to detect
the stellar continuum, the EWs report by the LASD
are not robust. Instead we adopt the UV luminosities
derived from HST broadband imaging. Each object in
the Urrutia et al. (2019) data release contains an iden-
tifier to the HST-identified object in the catalog of Guo
et al. (2013), which we then search for photometry in
the five ACS bands, F435W, F606W, F775W, F814W,
and F850LP. For the redshift of each galaxy, we first
determine which is the bluest filter in the ACS set that
has a central wavelength redwards of Lyα, so that it
samples more the stellar continuum than the IGM ab-
sorption. Then we calculate the contribution of the Lyα
line (flux from Urrutia et al. 2019) to the broadband
magnitude, allowing for both the filter width and rela-
tive throughput at the specific wavelength of Lyα. We
subtract this value from the broadband flux, and adopt
the final line-subtracted magnitude for the galaxies’ stel-
lar continuum. In the stacking analyses we use the same
algorithms to measure the blue/red flux ratio as in the
individual cases.
3.2. Basic sample characterization
We present the Lyα luminosity and EW distributions
of the two complete samples in Figure 3. The main panel
shows the relation between the two quantities, while the
vertical histogram above shows the distribution of LLyα.
The two horizontal histograms to the right show the
total distribution of WLyα in the inner panel, while in
the outer panel the COS sample has been restricted to
LLyα≥ 1042 erg s−1; this cut is designed to match the
luminosities between the two samples, and is shown by
the vertical dashed line in the main figure. The sam-
ple matching is discussed in more detail below and in
Section 4.3.
The range of EWs overlaps well between the sample,
spanning values above ∼ 200 A˚, even in the UV-selected
low-z sample. The shapes of the EW distribution exhibit
similar declines towards higher values, but different be-
havior in the lowest EW bins: being Lyα selected, the
MUSE sample is under-represented at the lowest EWs
(0–25 A˚) in this binning, while this is the most populated
bin the UV-selected COS sample. The two samples are
very different in LLyα: both samples extend to a com-
parably high luminosity (≈ 1043 erg s−1), but the COS
sample extends down to LLyα ≈ 3 × 1040 erg s−1 while
the MUSE data stop at LLyα= 10
42 erg s−1. In the
high-z study that follows we remove low-z galaxies with
Lyman alpha profiles and the IGM 7
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Figure 3. The range of LLyα and WLyα spanned by the
COS sample (grey stars) and MUSE samples (colored cir-
cles). The MUSE data are color-coded by redshift, with the
colorbar shown to the upper right. A histogram showing the
LLyα distribution is shown above, and histograms showing
WLyα are shown to the right: the first includes the total
COS sample, while the second shows the COS sample af-
ter retaining only galaxies more luminous than the cutoff of
LLyα> 10
42 erg s−1; this luminosity cutoff is illustrated by
the dashed black line.
LLyα< 10
42 erg s−1 , so as to match LLyα between the
samples; this also has the effect of bringing the EW dis-
tribution more into agreement (right histogram). First,
however, we perform a more general study of the line
profiles in the stacked spectra to better understand the
origin of the line profiles (blue bumps in particular) and
include all COS galaxies so as to preserve the dynamic
range in the sample.
4. LYMAN ALPHA PROFILES: RESULTS FROM
STACKED SPECTRA
The bulk of the data analysis in this paper comes
from differential comparison of stacked spectra. Be-
cause galaxies lie at different distances we perform the
stacking on spectra shifted into the restframe: we divide
(1 + z) out from the wavelength vectors, and multiply
the same factor back in to the flux vectors (always units
of erg s−1 cm−2 A˚−1) so that the equivalent widths are
preserved. We multiply all flux vectors by 4pid2L to ob-
tain luminosity density vectors, with units erg s−1 A˚−1.
Every spectrum is then resampled onto the same veloc-
ity grid and co-added: we always record both the mean
and median spectrum.
4.1. HST/COS data at z < 0.4
We show the combined Lyα profiles of the COS sam-
ple in Figure 4, where we examine how the profile shape
varies as a function of luminosity and EW. It comes as
no surprise that when dividing out the sample by LLyα,
galaxies become more luminous (upper plots to the left
of Figure 4). We note, however, that there appears to
also be some evolution in the blue wing of the Lyα profile
in that it appears to become disproportionately stronger
in galaxies of higherWLyα. This becomes much more ob-
vious when the spectra are normalized by the maximum
value of the red peak prior to coaddition: in the lower
panels to the left of Figure 4 it is clear that as the lumi-
nosity decreases, so does the relative contribution of the
blue bump, which drops systematically from the orange
line (almost 1043 erg s−1) to the purple line (100 times
less luminous).
We suspect this first result comes from variations in
the column of blueshifted absorbing material. There
is no absorption from the intergalactic medium at this
redshift, and outflows/galaxy winds result in a stronger
absorption from interstellar material on the blue side
of Lyα. This becomes even more marked in the low-
est EW bin, where the mean combination reveals true
blueshifted absorption of the stellar continuum, and per-
haps even a wing from damped absorption extending
onto the red side of Lyα at a lower level. At intermedi-
ate luminosities, the wing contribution clearly increases
from rough 10%, up to 20–30 % for the brightest galax-
ies.
We examine this trend further in Figure 5, where in
grey we show how the blue/red flux fraction contrasts
with LLyα and WLyα for the individual galaxies. Tar-
geting positive blue-side emission only, we only include
here galaxies for which the flux density bluewards of
line center exceeds zero, and the majority of galaxies
from the least luminous bin from Figure 4 are removed.
Lblue/Lred shows significant scatter at all luminosities
and EWs. Overlaid in color we show the median values
for each sub-sample, and encode the IQR as the error-
bar. Attending to the left-most plot, Lblue/Lred appears
close to invariant of LLyα at the low LLyα end, but much
of this effect comes from the removal of absorbing galax-
ies and pure P Cygni-like systems from the bins. In the
last bin, however, Lblue/Lred does jump by a factor of
≈ 2 to 0.34, but overall there is no correlation. However,
a tight correlation is seen between Lblue/Lred and WLyα
(right figure), with Spearman’s ρ = 0.60, correspond-
ing to p = 7.5 × 10−8 off 68 data-points. This result is
highly significant, and indeed the points show that the
lowest EW galaxies have Lblue/Lred at the percent-level,
which rises dramatically to ≈ 30 % at WLyα of ≈ 100 A˚.
This result quantitatively echoes those demonstrated in
8 M. J. Hayes et al.
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Figure 6. The evolution of the first and second moments
of the red peak as a function of WLyα. The complete range
of luminosities of the COS sample are used and shown in
green; the MUSE sample, which is more luminous but spans
less dynamic range, is shown in orange. Median values and
inter-quartile ranges are shown.
Henry et al. (2015) and Yang et al. (2017), whose Lyα
EWs are among the highest observed and whose profiles
also include the highest fraction of double peaks. Note,
however, that the Henry et al. and Yang et al. obser-
vations are subsumed into our sample, and these results
are not entirely independent.
We also note that galaxies with higher WLyα also show
smaller systematic offsets in velocity (moment 1) and
narrower red lines (moment 2), as shown in the normal-
ized median profiles to the lower right left in Figure 4.
The second moments of each bin decrease monotonically
from 185 km s−1 at WLyα ≈ 30 A˚ (shown by both MUSE
and COS) to about about 150 km s−1 at WLyα ≈ 230 A˚
(probed only by MUSE), as shown in the right panel of
Figure 6. We expect this is due to an effect of H i col-
umn density in which larger columns result in more Lyα
scattering, which reduces the total emitted WLyα as the
escape probability decreases. This additional scattering
further results in broader Lyα lines that are systemati-
cally more redshifted.
4.2. VLT/MUSE data at z > 2.9
Figure 7 shows the stacked spectra obtained with
VLT/MUSE. At these redshifts the IGM may have sig-
nificant influence over the Lyα profile, especially in the
blue side, so we temporarily restrict our analysis to z < 4
galaxies, so as to compromise between studying less ab-
sorbed galaxies while still maintaining a significant sam-
ple. Blue wings are also visible in the MUSE spectra,
and examining all the lower panels of Figure 7 it is clear
that some emission is visible to velocities as high as
∆v ≈ −700 km s−1. However unlike the lower-z COS
spectra, this blue emission is visible in every bin of lu-
minosity and EW. While the lines are not necessarily
in agreement within the noise, relative intensity in the
blue bumps does not show a serial decline as it does at
lower-z: e.g. the green line clearly out-lies the others
in the EW comparison, but this is likely attributable to
random processes.
In order to explore this lack of a trend further, we per-
form a bootstrap study using the low-z objects (no IGM
absorption), and the IGM simulations described in Sec-
tion 2.2. We first replace each galaxy in the 2.9 < z < 4
MUSE sample with the low-z galaxy that has the clos-
est LLyα. We then randomly draw a sightline through
the IGM to the MUSE redshift, attenuate the COS
galaxy, and bin and stack this random sample. We ex-
amine the frequency with which a statistically significant
(p < 0.05) trend is recovered. With samples the size of
this MUSE subset (N = 74) the correlation is almost
never reproduced: with just a few percent of realiza-
tions showing significant correlations. However when we
artificially increase the bootstrap simulation to include
≈ 1000 objects (including galaxies more than once but
with different random IGM sightlines) the trend does
re-emerge, with the Lblue/Lred ratio reduced by a factor
of 2 compared to z = 0. This is exactly what would be
expected for large samples, as the stochastic effect of the
IGM is smoothed out over a large number of realizations.
In principle this method could be used to calculate
the necessary sample size required in order to statisti-
cally study these trends at high-redshift, but many other
factors will hold influence over the result. For example
the precise recovery will also depend upon the signal-to-
noise ratio of both the high-z data and the low-z data we
use to simulate it, and the result will also be redshift de-
pendent. Nevertheless we proffer the advice to use low-z
data from the extensive and growing HST archives to re-
alistically simulate the recovery of high-z Lyα spectral
profiles in large samples.
Interestingly, the same trend in the width and offset
of the red peak is observed in these higher-z systems,
as discussed for z = 0 galaxies in Section 4.1. The
normalized profiles of Figure 7 (lower left) both show
the lower-WLyα galaxies to have both broader and less
shifted red profiles; same is shown quantitatively in the
right panel of Figure 6. Hashimoto et al. (2015) show
the red-peak velocity shift to be much higher in LBGs
than in LAEs using optical line emission such as Hα and
[O iii], and similar effects are probably at work here.
They attributed this effect to radiation transfer effects
where the LBG column density is higher, using RT mod-
eling in spherical shells. Cassata et al. (2020) also show
similar effects using the [C ii] 158 µm line: they show
weak correlations of Lyα redshift with UV magnitude,
stellar mass and SFR. These go in the direction that
would support the hypothesis that mass drives the trend,
but none of Cassata et al’s trends reach statistical sig-
nificance, possibly because of dynamic range.
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Figure 7. Same as Figure 4, but for the MUSE-WIDE sample, selecting only galaxies at 2.9 < z < 4.
4.3. Comparison of matched samples
The COS sample from low-z is needed for an estima-
tion of the intrinsic Lyα line profile. However, to pro-
duce such an intrinsic, IGM-free template for the high-z
galaxies, we would ideally match the samples in their
SFRs, masses, compactness, dust optical depths, ioniz-
ing intensities, etc. Such sample matching is far in the
future and the huge majority of this information is un-
available at z > 2.9; obtaining it will require extensive
surveys with the James Webb Space Telescope (JWST).
We instead make the most basic compromise, and take
only COS galaxies that overlap with the MUSE sample
in the two key observables, of LLyα and WLyα. The dis-
tribution of these quantities is shown in Figure 3, where
the full COS sample extends to 30 times lower lumi-
nosities than the faintest MUSE-WIDE system. This is
certainly to be expected when contrasting distant Lyα-
selected galaxies with nearby UV-selected systems.
We impose a cut in the Lyα luminosities at
1042 erg s−1, as shown by the dashed line in Figure 3.
We do not aim to accurately reproduce the distribu-
tions in WLyα and LLyα, but note a number of simi-
larities. Firstly the upper envelope of the luminosity
histogram is well-matched between the samples. In the
WLyα histograms, the MUSE-WIDE survey is skewed
towards somewhat higher values, with a median WLyα
of 78 A˚ compared with 61 A˚ for the low-z sample. The
Lyα blue/red flux ratio depends strongly upon WLyα,
and increases towards higher EWs as also shown in Fig-
ure 5, and this effect could introduce a bias in the direc-
tion that high-z galaxies have larger intrinsic blue/red
ratios. While we do not see the same behavior in the
high-z galaxies directly, we showed this to result from
the stochastic IGM absorption in Section 4.2. On the
other hand, the median EWs of the two samples remains
close (much smaller than the interquartile range), and
while acknowledging the EW difference could introduce
a bias we expect it to be a minor one.
We finally note that the COS aperture (1.′′25) sam-
ples only a projected distance of 5 kpc at z = 0.25, and
should part of the line profile be built from extended
emission then that would obviously not be captured by
the low-z observation. Indeed Leclercq et al. (2020) do
find differences in the velocity centroids of Lyα profiles
extracted from the core and halo regions, with the impli-
cation that asymmetric profiles are built from differences
between the core and halo (see also Erb et al. 2018).
However we note that these conclusions from the deep
MUSE data were drawn from a sub-sample in which the
halo flux fraction was high by construction, skewing the
interpretations in the direction of the more luminous and
extended LAEs.
In the coming Section on redshift evolution, we use
the COS sample to estimate the intrinsic and absorbed
Lyα line profile from high-z. From now on, however, we
take only low-z galaxies from the luminosity matched
sub-sample (N = 44).
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5. THE CO-EVOLUTION OF LYMAN ALPHA
PROFILES AND THE INTERGALACTIC
MEDIUM
In this Section we present our main results concerning
the evolution of the Lyα emission line with redshift and
how we can explain this in terms of the co-evolution of
galaxies and the IGM.
5.1. The Redshift Evolution of the Lyα Profile
We now proceed to study the cosmic evolution of the
Lyα profile using differential stacking comparisons, simi-
lar to those already shown. We bin the sample in redshift
into five sub-samples, and show the results in Figure 8
with sample medians and half-quartile ranges shown in
the caption. The high-z galaxies from the MUSE-WIDE
survey are always shown in color, and the z ≈ 0.25 sam-
ple, with no IGM, in black. At each redshift we resample
the galaxy bin using bootstrap techniques. We randomly
re-draw a sample of the same size and recompute the
mean and median; iterating this over 1000 realizations
we compute the variations of each stacked subsample
about the true mean and median. For mean profiles we
show the central 68th percentiles, and for the median
profiles we show the interquartile range.
Several effects are clear from Figure 8. Among the
most obvious, visible in the upper two panels there is a
trend among the MUSE wide galaxies to become more
luminous with increasing z. This is the well-known
Malmquist (1922) bias, that manifests as the most lumi-
nous systems being preferentially detected. In this in-
stance it results from the luminosity distance increasing
with (1 + z) faster than the sensitivity of MUSE decays
with (1 + z) × λLyα: even though the Lyα luminosity
function is close to constant across this redshift range
(e.g. Herenz et al. 2019), there is a upwards evolution
the sample luminosities because only the most luminous
subset of the respective galaxy population is detected at
highest redshifts.
Blue wings are visible in the profiles. This is
most abundantly clear in the COS profiles from low-
z, but sub-dominant blue wings are visible in the un-
normalized profiles (upper). However their intensity
evolution goes in the opposite direction from the evo-
lution in the red peaks: the highest intensity blue peaks
are found among the z ≈ 3 − 4 subsamples, and the
Lblue/Lred ratios decrease with z. This is more notice-
able when we normalize the profiles, which we show in
the lower two panels. Here we zoom in to visualize the
blue peaks: attending mainly to the median stack (lower
right) the z ≈ 3− 3.5 sub stacks show normalized inten-
sity of 10 %, which drops further to about 5 % by z ≈ 4
and almost to zero at z = 4.5 and up.
In light of the Malmquist bias discussed above, a nat-
ural question becomes whether this evolution in the line
profiles may result from selection effects or evolution
with luminosity. This phenomenon is seen within the
IGM-free COS sample (Figure 4) but not in the MUSE
sample (Figure 7), and we showed with simulations (Sec-
tion 4.2) that it would be impossible to detect for the
given sample size and spectral quality even at z = 3−4.
Importantly, the median luminosity evolution due to the
Malmquist bias is only a factor of 2 between z = 3 and
5.5, which is significantly smaller than the difference be-
tween the bin median in Figure 4 where the trend is seen.
We conclude that the blue peak evolution presented in
Figure 8 is not attributable to selection effects of this
kind.
The COS spectrum from z ≈ 0.25 shows a Lblue/Lred
ratio of ≈ 16 % in the median stack, and higher still in
the mean. Mean stacks, however, will always be domi-
nated by the more luminous systems at a given velocity,
and result in line profiles that are on average less repre-
sentative of a given galaxy. We observe a reduction in
the normalized blue peak intensity of about ≈ 60 % to
z = 3; from a simple by-eye analysis we would estimate
the an IGM opacity of τ1205IGM≈ 0.45 from Figure 8. In
the coming Section we perform a more detailed study of
this.
5.2. The Impact of the IGM
The COS spectra are not susceptible to intergalac-
tic Lyα absorption: the IGM optical depth at λ =
1200 − 1210 A˚ is τ1205IGM . 10−6. Thus if the Lyα line
profile observed in the COS sample is representative of
the profile emergent from the CGM at redshifts beyond
3, this empirical spectrum will serve as a template. We
restate that we selected the low-z sample to match the
observables of the MUSE-WIDE sample in both Lyα lu-
minosity and EW (Figure 3), which argues in favor of
this utilization.
We present our finding concerning the redshift evo-
lution of the Lyα profiles, together with simulations
of the evolving IGM opacity, in Figure 9. Each col-
umn shows data and simulations for a different redshift
bin, and is headed with the following text information:
redshift, WLyα, LLyα, the number of galaxies in the
bin, τ1205IGM from simulations, and the Lblue/Lred ratio
from the MUSE-WIDE stacks. The left column shows
a number of results concerning the lowest redshift sub-
set, centered at z = 3.18. The total Lyα profile from
the stack of 46 galaxies is shown in the top row (same
as red spectrum in Figure 8), and at this redshift the
blue wing is very clear at low intensities, and is visible
out to blueshifted velocities of 700 km s−1. The median
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Figure 9. Simulating IGM absorption of LAEs at various redshifts. Each column shows a different redshift bin: the median
z, WLyα, LLyα are listed above, together with the half-quartile range of each quantity, and the number of galaxies in each bin.
The top rows show the median stack of the Lyα luminosity density in absolute units (erg s−1 A˚−1) in green, with the median
IGM absorption overlaid, scaled so that 1 matches the red peak of the Lyα. Shaded regions represent the interquartile range.
The second row shows the same Lyα profiles normalized to an intensity of 1 at the peak, and zoomed in around the wings of the
line: IGM is again shown on arbitrary scale of 0.15×. The third row shows the stacked spectrum of the z ≈ 0 sample in pink,
always normalized to a peak intensity of 1 (same in every panel). The IGM absorption is again shown in each case, now scaled
to the absolute throughput. The average optical depth, τ1205IGM , is computed in the λrest = 1200 − 1210 A˚ range, and is shown
at the top of each column. The lowest row shows the profile of the COS spectrum, absorbed by the IGM for each redshift bin,
together with the stacked observed MUSE spectra for the same redshift. The overlap between the two lines is often striking.
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IGM absorption is shown in throughput (I/I0) in var-
ious rows for illustration: in the third row it is given
in throughput on an absolute scale, and is about 0.75
on average (τ1205IGM = 0.3), as stated in the Figure head-
ing. This is sufficient to observably modify the shape
of the Lyα profile, and suppress the blue wing, but im-
portantly this IGM is far from thick enough to absorb
all the blue-side Lyα. In the lowest panel we show the
COS spectrum from z ≈ 0.25 with the z = 3.18 IGM ap-
plied (pink line) overlaid upon the stacked MUSE-WIDE
spectrum from the same redshift. The agreement in the
average flux in the blue wing is striking. The normal-
ized flux goes to zero in the blue wing at velocity offsets
of . −700 km s−1 in both spectra; immediately blue-
wards of line-center they differ by ≈ 20 % in normalized
intensity, with the simulated absorption from the IGM
marginally over-predicting the observation from z ∼ 3.
It is possible that this slight deficit in Lyα flux at
∆v & −300 km s−1 is due to enhanced absorption from
structure/galaxies adjacent to the target LAEs. The
IGM simulations follow the prescription of Inoue et al.
(2014), which is constructed using the observed distribu-
tion of H i-absorbing systems identified along the sight-
lines to luminous quasars. Each absorber is drawn at
random from a probability distribution function, and
is therefore independent of all other absorbing systems
and the target galaxy itself; it neglects the galaxy-galaxy
spatial correlation and the fact that these LAEs should
occupy somewhat over-dense regions which will enhance
the absorption within the volume bound from the Hub-
ble expansion by gravity. Precisely this has been ad-
dressed in various numerical methods (Santos 2004; Di-
jkstra et al. 2007; Mesinger & Furlanetto 2008; Iliev et al.
2008; Laursen et al. 2011; Gronke et al. 2020), who have
all used cosmological hydrodynamical simulations to as-
sess the distribution and velocity field of material within
10 Mpc of galaxies. In fact, such simulations have al-
ready been used to correct the Lyα EW in spectroscopic
studies of high-z galaxies (Pahl et al. 2020). While the
precise results will depend somewhat upon the details of
the simulation and mass ranges probed by the observa-
tion, the broad picture is clear: at z ≈ 3 − 3.5 sample
there is a sharp excess of Lyα absorption at velocities
≈ −50 to −100 km s−1 from line-center that increases
the Lyα absorption by a factor of two to three times.
This excess of absorption returns to the baseline value
(random absorption systems) at velocity offsets exceed-
ing ≈ 300 km s−1, and it seems entirely plausible that
this phenomenon could explain the deficit of blue-side
flux close to line-center at the lower redshift end of the
MUSE sample. However, we note while this excess ab-
sorption due to circumgalactic material is visible for all
halo masses at z & 3 in the simulations, it is not required
to explain the stacked spectra studied here.
We now proceed to examine the next redshift bin, cen-
tered at z = 3.55. The MUSE-WIDE galaxies at this
redshift completely match with those of the previous
bin in LLyα; and the median EWs are consistent within
8A˚ (≈ 25 % the half-quartile range; values quoted above
the figure rows). By this redshift the IGM optical depth
has increased by a factor of two (0.3 to 0.6) and provides
significantly more absorption on average. When we use
this IGM absorption profile to artificially attenuate the
COS spectrum we bring the COS and MUSE blue com-
ponents into tight agreement at all velocities between
−1000 and 0 km s−1. Indeed the absorbed COS spec-
trum completely overlies the MUSE stack, with no need
for excess absorption at any velocity; it is difficult to tell
which stack is which.
The IGM opacity increases systematically, with τ1205IGM
going from 1.1, to 1.8, to 2.3 at redshifts z = 3.9, 4.5,
and 5.4, respectively. If we take the typical Lblue/Lred
ratios observed at low-z as representative (∼ 0.35; Fig-
ure 5), then we would expect the blue bumps to reach
approximately 0.1, 0.06, and 0.03 in the absorbed spec-
tra that are normalized to the red peak. This is precisely
what is shown in columns 3, 4, and 5 of Figure 9: prob-
able blue bumps remain but if real their significance is
low, and their normalized intensity is reduced to the
level of a few per-cent. At none of these higher redshifts
do we need an additional component of absorption at
low blueshifted velocities, that we attributed to struc-
ture near to the galaxies or cosmic infall (e.g. Dijkstra
et al. 2007; Laursen et al. 2011).
6. DISCUSSION
6.1. Radiation Transfer Simulations in Realistic
Environments
In recent years a number of theoretical efforts have
been devoted to predicting the Lyα output of galax-
ies from RT models, using two complementary ap-
proaches. Researchers have used idealized model galax-
ies described by a number of single parameters (gas
column density, outflow velocity, etc) to examine how
Lyα profiles vary with these basic properties (e.g. Ver-
hamme et al. 2006; Schaerer et al. 2011; Gronke & Di-
jkstra 2016): the main criticism leveled at these stud-
ies is that realistic galaxies are not well described by
such simplistic models, so the community instead turns
to simulated galaxies to produce the manifold for RT
simulations (e.g. Tasitsiomi 2006; Laursen & Sommer-
Larsen 2007; Faucher-Gigue`re et al. 2010; Zheng et al.
2010; Barnes et al. 2011; Trebitsch et al. 2016; Smith
et al. 2019). These models are not without criticism ei-
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ther, and are often cited as having insufficient spatial
resolution, particularly at CGM scales, to capture the
representative geometry for the RT. RT in these set-
tings almost invariably over-produces Lyα emission on
the blue side of line center, at a level that is only very
rarely found by observation. The proponents frequently
appeal to intergalactic absorption to remove the blue
component, but our results show that this appeal is un-
likely to be realistic. The uncorrelated Lyα absorbing
systems do not reach sufficient opacity to universally
suppress the blue emission seen in starburst galaxies,
and we find no need within this large dataset for an ex-
cess opacity near galaxies. However, we also note that
LAEs such as these do reside in lower-mass halos, and
there still may be room for the effect to be more promi-
nent on sightlines towards higher halo mass.
6.2. Is there still space for excess opacity?
The absence of enhanced Lyα within a few hundred
km s−1 of the galaxies is worthy of further discussion.
One explanation could be that with structure building
up hierarchically over time, we need to wait until red-
shifts ∼ 3 for significant neutral gas to affect the Lyα
line to an extent greater than the uncorrelated cosmic
average. One may speculate that the galaxies studied
here are less massive than those studied in the sim-
ulations referred to above, and the amplitude of their
overdensity/infall compared to the cosmic mean will be
lower. However with the typical range of stellar masses
in the mock galaxies being ≈ 107 − 1010 M this seems
unlikely on average as LAEs of this luminosity proba-
bly have Mstell ≈ 108 − 109 M. Alternatively, the gas
may be more ionized than though, which would imply
the simulated opacity is overestimated. This might be
due to a lower clumping factor of cold, neutral mate-
rial (e.g., because of a lack of spatial resolution; van de
Voort et al. 2019; Hummels et al. 2019) or additional
ionization sources. We may point towards photoioniza-
tion of low-mass companion structures by the enhanced
UV background close to early galaxies, where the excess
UV results from numerous galaxies that are too faint to
be detected. Such galaxies may, however, be visible in
the ultra-deep MUSE pointings (e.g. Bacon et al. 2017).
We also question whether this absence of excess blue-
side absorption could be the result of a conspiracy of
parameters, where the intrinsic Lblue/Lred does increase
with z, but is suppressed by absorption on small scales.
Indeed the Malmquist bias results in an upwards evolu-
tion of LLyα with z (Figure 8, upper) which may be ex-
pected to increase the intrinsic Lblue/Lred (Figures 4 and
5). However we note that the trends that are revealed in
the COS sample are manifested over a dynamic range of
almost 2 dex, whereas the overall evolution introduced
by the Malmquist bias is just a factor of 2 between z = 3
and 5.5. In fact, attending to the sample medians shown
at the top of Figure 9, there is very little evolution in
total (observed) LLyα. So while cannot rule this out a
conspiracy of parameters, we believe the dynamic range,
coupled with the relatively small Malmquist bias, are in-
sufficient to produce an effect of the required magnitude.
6.3. Less blueshifted Lyα, but more Lyα overall
We note also that this downwards evolution of the blue
contribution, and clearly increasing impact of the IGM,
occurs against the backdrop of an overall increasing Lyα
output from the galaxy population. This is shown by nu-
merous lines of evidence including a Lyα fraction among
LBGs that increases significantly over the same redshift
range we probe here (Stark et al. 2010; Cassata et al.
2015; De Barros et al. 2017, although see also Caruana
et al. 2018), an increase in the volume-averaged Lyα
escape fraction of galaxies (Hayes et al. 2011; Dijkstra
& Jeeson-Daniel 2013; Konno et al. 2016; Wold et al.
2017), and the increasing agreement of the UV LFs of
LAEs and LBGs (Ouchi et al. 2008). In these first pa-
pers we could only speculate about the actual influence
the IGM has on the Lyα emission: because the Lyα out-
put increases with z, we concluded the IGM could not
act to strongly suppress Lyα. The new evidence pre-
sented here shows that this is not the case, and if the
COS-measured Lblue/Lred of ≈ 0.35 continues to hold
at high-z (or even grow), then the IGM removes an ad-
ditional quarter of the total Lyα (integrated over the
whole line) at z = 5.5 compared to 3. The implication
is that the Lyα emitted from galaxies must increase by
a corresponding amount over the same redshift range
in order to counteract this effect. Such excess emission
may be attributed to the decreasing dust content, stel-
lar metallicity, or average age of galaxies with redshift,
implying they must evolve even faster than previously
claimed (e.g. Hayes et al. 2011).
7. OUTLOOK AND LIMITATIONS
In Section 3 we showed that there is real and strong
evolution in the relative contribution of the blue wing
of the Lyα emission with redshift, and in Section 5.2
that we are able to fully reproduce this with IGM ab-
sorption. The main assumptions were that the intrin-
sic Lyα spectrum is invariant with redshift and can be
described by the profile of low-z sample observed with
HST/COS, and that the IGM is spatially uncorrelated
and does not require an enhancement from compan-
ion galaxies/proximate Lyman limit systems. Further-
more the remarkable agreement between the Lyα profiles
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at all z, supports the utility of our improved heuristic
zsys estimation from analysis of the Lyα line profile (A.
Runnholm et al 2020b, in prep), despite an evolution
in the IGM opacity (τ1205IGM ) of more than two optical
depths. This naturally raises the question of to what
extent the observed evolution of the Lyα profile can be
used to infer the IGM opacity at even higher redshifts,
and into the epoch reionization (EoR).
As mentioned in Section 1 strong blueshifted emission
peaks have also been found at z = 5.8 − 6.6. Some
prime examples include Aerith B at z = 5.8 (Bosman
et al. 2019), NEPLA4 at z = 6.5 (Songaila et al. 2018)
and COLA1 at z = 6.6 (Hu et al. 2016; Matthee et al.
2018), which all show spectacular Lyα profiles, with
dominant red lines but inarguable blue peaks. Songaila
et al. (2018) suggest that such spectral features may be
present in the profiles of less luminous galaxies in sig-
nificant numbers of up to 1/3. This is quite unexpected
in light of the results shown in Figures 8 and 9, but two
key points must be born in mind when co-interpreting
the datasets. Firstly our analysis is based upon stacking
which acts as a lossy compression that removes all infor-
mation concerning the dispersion within the sample. If
blue bumps are present at z > 5 in the galaxies from the
Urrutia et al. (2019) data release, as a significant minor-
ity, they will not be represented in the median stacking
(right columns) and will be hard to detect in the aver-
aging. Secondly the z > 5.7 blue-bump objects men-
tioned above are all significantly more luminous than
MUSE-WIDE galaxies: typical log (LLyα/(erg s
−1)) is
43.5, while our z ≈ 5.2 subsample has a median lumi-
nosity that is 0.8 dex lower.
As we are likely unable to identify blue bumps in
the MUSE-WIDE data, this makes comparison to the
more luminous systems difficult. For a fixed Lyα es-
cape fraction, the ‘ordinary’ systems studied here would
themselves be almost ten times less ionizing than the
luminous blue-bump galaxies. Nevertheless, the over-
whelming majority of the ionizing photons required to
ionize a bubble with radius at least 1 Mpc come from
sources other than the galaxy itself, even for more lumi-
nous galaxies (Bagley et al. 2017), we should be wary of
over-interpreting spectra of single galaxies. Even in the
case of very large H ii regions, the presence/absence of
blue peaks/wings may have more to do with the galaxy’s
position along the line-of-sight with respect to the bub-
ble edges, and the details of its ISM, than with the IGM
state.
One limitation of our study is that our galaxies are
Lyα-selected. At the higher ends of mid-z (z ∼ 4− 5.5)
this may remain a representative sample of the galaxy
population: the average Lyα output of galaxies contin-
ually increases (Stark et al. 2010; Hayes et al. 2011).
However all these Lyα-quantities begin to drop after
z ∼ 6.5 (Schenker et al. 2012), which raises doubts about
the utility of LAE-based probes at higher redshifts. At
these redshifts the Lyα-based studies may provide rep-
resentative statistics about the geometry of H ii bub-
bles, but not about the regions between, which must
still be probed with (most likely) UV-selected/Lyman
break galaxies.
In the coming years, Subaru Prime Focus Spectro-
graph (PFS) will embark upon very large area Lyα sur-
veys (14 deg2 under the Subaru Strategic Program) tar-
geting UV-selected galaxies over what is likely to be the
complete range of bubble distributions in the EoR. PFS
can target Lyα at . 6.3 at R ≈ 5000 with the mid-
resolution red spectrograph, and at & 6.7 at R ≈ 4300
with the NIR spectrograph; the gap between the two
redshifts can be filled by the low-resolution red spec-
trograph at R ≈ 3000, which is comparable to MUSE
at these redshifts. An obvious study therefore becomes
the behavior of the Lyα profile as a function of local
galaxy environment, in which the blue contribution to
the total Lyα can be used to constrain the dispersion
on τIGM at fixed redshift. This paper, and Figure 9 in
particular, shows that this goal can be reached at the
expected resolving powers of PFS. Indeed the same goal
cannot efficiently be reached the VLT/MUSE because
of the small survey volume at the highest redshifts.
The natural drawback of this fiber-fed approach, of
course, is that it demands photometric pre-selection,
and will not have the possibility to identify new LAEs
within its own observation. The SSP will target LBGs
and LAEs from SSP imaging surveys GOLDRUSH and
SILVERRUSH, and as a consequence the Lyα-emitter
components will be limited to the narrowband depths,
which currently fall around log (LLyα/(erg s
−1)) = 43.0
for SILVERRUSH (Konno et al. 2018). Thus the survey
will deliver huge numbers of spectra with luminosities
close to those of COLA1 and NEPLA4, and LBGs from
GOLDRUSH that are more massive still, it remains un-
clear how well the survey will sample the mass range
of more ‘normal’ star-forming LAEs at similar redshift.
Thus the observational necessity remains for deep IFU
studies with instruments like MUSE, that deliver 100%
spectroscopic completeness with the contrast and depth
that can only be provided by spectroscopic surveys.
8. SUMMARY AND CONCLUSIONS
We have undertaken an extensive study of the Lyα
emission line profile from star forming galaxies at vari-
ous cosmic epochs, using some of the largest samples of
available spectra obtained with HST/COS at low-z and
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VLT/MUSE at z = 2.9 to 6.6. Our main findings can
be summarized as:
• We see distinct and predictable variations in the
shape of the Lyα profile in the low-z sample. The
blue peak gets stronger with increasing WLyα. We
believe this trend results from atomic gas column
being the dominant factor in regulating Lyα out-
put, and as the galaxies almost certainly have out-
flows the blue peak is more significantly suppressed
than the red.
• This trend is not observed within the MUSE sam-
ple at z = 2.9−4 (N = 74 galaxies). Using Monte
Carlo bootstrap simulations of the IGM opacity
and applying them to the low-z sample, we show
that the stochastic nature of IGM opacity to Lyα
is entirely sufficient to remove trends of this am-
plitude.
• We find the red component of the Lyα profile be-
comes broader and increasingly redshifted at lower
Lyα equivalent widths. We attribute these effects
to the covering of atomic material. More scatter-
ing increases the absorption of Lyα and preferen-
tially in the blue wing while, at the same time, the
larger column density requires longer frequency ex-
cursions to escape, resulting in broader, more red-
shifted lines.
• Using basic Lyα observables of LLyα and WLyα,
we identify a Lyα-matched sample of galaxies at
z . 0.4. The COS sample shows a significantly
higher average blue peak than the z & 3 galax-
ies, with roughly twice the intensity in the blue
bump. The blue-bump amplitude of the high-z
sample decreases systematically from z = 3 and
upwards, becoming undetectable by z ≈ 5.5.
• The evolution of the average observed Lyα profile
with redshift is very well described by adopting the
average profile from low-z and absorbing it with
the current best estimates for the IGM opacity as
a function of redshift. This IGM prescription does
not account for line-of-sight correlation in the ab-
sorbers, and assumes they are random in redshift –
we do not find evidence for additional absorption
of Lyα resulting from small scale structure and
peculiar motions/infall in adjacent to galaxies.
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